ADP Ribosylation Factor 1 Plays an Essential Role in the Replication
Eukaryotic positive-strand RNA viruses replicate using the membrane-bound replicase complexes, which contain multiple viral and host components. Virus infection induces the remodeling of intracellular membranes. Virus-induced membrane structures are thought to increase the local concentration of the components that are required for replication and provide a scaffold for tethering the replicase complexes. However, the mechanisms underlying virus-induced membrane remodeling are poorly understood. RNA replication of red clover necrotic mosaic virus (RCNMV), a positive-strand RNA plant virus, is associated with the endoplasmic reticulum (ER) membranes, and ER morphology is perturbed in RCNMV-infected cells. Here, we identified ADP ribosylation factor 1 (Arf1) in the affinity-purified RCNMV RNA-dependent RNA polymerase fraction. Arf1 is a highly conserved, ubiquitous, small GTPase that is implicated in the formation of the coat protein complex I (COPI) vesicles on Golgi membranes. Using in vitro pulldown and bimolecular fluorescence complementation analyses, we showed that Arf1 interacted with the viral p27 replication protein within the virus-induced large punctate structures of the ER membrane. We found that inhibition of the nucleotide exchange activity of Arf1 using the inhibitor brefeldin A (BFA) disrupted the assembly of the viral replicase complex and p27-mediated ER remodeling. We also showed that BFA treatment and the expression of dominant negative Arf1 mutants compromised RCNMV RNA replication in protoplasts. Interestingly, the expression of a dominant negative mutant of Sar1, a key regulator of the biogenesis of COPII vesicles at ER exit sites, also compromised RCNMV RNA replication. These results suggest that the replication of RCNMV depends on the host membrane traffic machinery.
E
ukaryotic positive-strand RNA [(ϩ)RNA] viruses replicate their genomes using membrane-bound replicase complexes, which contain multiple viral and host components. A growing number of host proteins that affect viral RNA replication have been identified using genome-wide and proteomics analyses in several animal and plant viruses (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . These host proteins are involved in translation, template selection, and the assembly of the viral replication complex (VRC) on intracellular membranes, which serve as the site of viral RNA replication (14) . However, the functions of host proteins remain largely unknown.
The replication compartments of (ϩ)RNA viruses are derived from various cellular organelle membranes, such as the endoplasmic reticulum (ER), mitochondria, chloroplasts, peroxisomes, and the Golgi apparatus (15) (16) (17) . The formation of viral replication compartments generally involves the emergence of spherules, vesicles, and multivesicular bodies associated with various organelles (15, 17) . Although viral proteins play an essential role in the formation of replication compartments containing VRCs, host factors also regulate this process (14, 15, 18) . Tomato bushy stunt virus (TBSV) coopts the proteins of the endosomal sorting complexes that are required for transport (ESCRT) to assemble the replicase complex properly on the peroxisome membrane via an interaction with the auxiliary replication protein p33 (19, 20) . ESCRT proteins play a major role in the sorting of ubiquitinmodified cargo proteins from the endosomal membrane to the internal vesicles of multivesicular bodies (21) . Brome mosaic virus (BMV) replication protein 1a interacts with the reticulon homology proteins (Rhps), which play an important role in the formation of the VRC, probably by regulating membrane curvature (22) . Coxsackievirus B3 (CVB3) 3A protein recruits phosphatidylinositol-4-kinase III␤ (PI4KIII␤) to the viral replication site to facilitate the formation of the phosphatidylinositol-4-phosphateenriched compartment, which has a high affinity for the 3D RNAdependent RNA polymerase (RdRP) (23) . Another PI4KIII, PI4KIII␣ is required for hepatitis C virus (HCV) replication (1, 9, 12, 24) .
Red clover necrotic mosaic virus (RCNMV) is a (ϩ)RNA plant virus that is a member of the genus Dianthovirus in the family Tombusviridae. The genome of RCNMV consists of RNA1 and RNA2. RNA1 encodes the p27 auxiliary replication protein, the p88 RdRP, and the coat protein (25, 26) . RNA2 encodes the movement protein (MP) that is required for viral cell-to-cell movement (27, 28) . p27, p88, and host proteins form the 480-kDa replicase complex, which is a key player in the replication of RCNMV RNA (29) . p27 and p88 colocalize at the ER membrane (30, 31) . RCNMV infection or the expression of p27 is sufficient for inducing a large aggregate structure and the proliferation of the ER membrane (30) (31) (32) .
We previously found that an affinity-purified RdRP fraction of RCNMV-infected leaves contains several host proteins, including heat shock protein 70 (HSP70), HSP90, and ribosomal proteins (29) . To identify further the host factors involved in RCNMV replication, we reevaluated the same affinity-purified RdRP fraction using a MASCOT search and identified ADP ribosylation factor 1 (Arf1). Arf1 is a highly conserved, ubiquitous, small GTPase and is implicated in the formation of coat protein complex I (COPI) vesicles on Golgi membranes (33, 34) . Brefeldin A (BFA) is a well-known fungal metabolite that inhibits the early secretory pathway (35) . BFA inhibits the activation of Arf small GTPases by targeting BFA-sensitive guanine nucleotide-exchange factors (GEFs) (36, 37) via the locking of the abortive Arf-GDP-GEF complex, thereby blocking guanine nucleotide release (38) . Arf1 and its BFA-sensitive GEFs are required for the replication of several vertebrate (ϩ)RNA viruses, such as poliovirus, CVB3, mouse hepatitis coronavirus (MHV), and HCV (23, (39) (40) (41) (42) (43) (44) (45) (46) . However, the direct involvement of Arf1 in RNA replication of plant (ϩ)RNA viruses has not been reported (47) .
In this study, using in vitro pulldown and bimolecular fluorescence complementation (BiFC) analyses, we show that Arf1 interacts with the RCNMV replication protein p27 within the virusinduced large punctate structures of the ER membrane. We found that BFA treatment reduced the accumulation of the 480-kDa viral replicase complex and RCNMV RNA and decreased p27-induced ER proliferation in RCNMV-infected tobacco BY-2 protoplasts. Similarly, expression of dominant negative Arf1 mutants compromised RCNMV RNA replication in protoplasts. Interestingly, expression of the dominant negative mutant of Sar1, which is a key regulator of the biogenesis of the COPII vesicles at ER exit sites (ERES), also reduced the accumulation of RCNMV RNA. These results suggest that the RNA replication of RCNMV depends on the host membrane traffic machinery.
MATERIALS AND METHODS
Gene cloning and plasmid construction. pUCR1 (48) and pRC2ԽG (49) are full-length cDNA clones of RNA1 and RNA2 of an RCNMV Australian strain, respectively. pB1TP3, pB2TP5, and pB3TP8 are full-length cDNA clones of RNA1, RNA2, and RNA3 of the BMV M1 strain, respectively (50) (generous gift from Paul Ahlquist). The constructs described previously used in this study include pBICp27-HA:cYFP (where HA is hemagglutinin and cYFP is a C-terminal fragment of the yellow fluorescent protein) (32) , pBICHA:cYFP (32), pBICmyc:nYFP (where nYFP is an N-terminal fragment of YFP) (32), pBICp19 (48) , pBICER:mCherry (51), pUBp27-FLAG (52), pUBp27-HA (32), pUBp88-HA (32), pCOLDp27 (57), pCOLDp27N (57), pCOLDp27C (57) , pCOLDGSTp27 (where GST is glutathione S-transferase) (57), pR1-Luc-R1 (where Luc is luciferase) (53), pLUCpA60 (54) , and pSP64-RLUC (54). pUC118 was purchased from TaKaRa Bio Inc. (Shiga, Japan). Escherichia coli DH5␣ was used for the construction of all plasmids. All plasmids constructed in this study were verified by sequencing. The primers used in this study are listed in Table 1. RNA extraction from Nicotiana benthamiana leaves, tobacco (Nicotiana tabacum) BY-2 cells, or Arabidopsis thaliana (Col-0) leaves was performed using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Reverse transcription-PCR (RT-PCR) was catalyzed by Superscript III reverse transcriptase (Invitrogen) using oligo(dT) (32) .
pTVNbArf1. A 399-bp Arf1 cDNA fragment (55) was amplified from cDNA derived from N. benthamiana (NbArf1) RNA using primers 1 and 2. The generated PCR product was then cloned in the antisense orientation into the SmaI site of pTV00 (56) .
pBYLNtArf1. The coding sequence of Arf1 was amplified from cDNA derived from N. tabacum BY-2 (NtArf1) RNA using primers 3 and 4. The amplified DNA was digested with AscI and inserted into pBYL2 (29) that had been cut with the same restriction enzyme.
pColdGST-NtArf1. The sequence of NtArf1 was amplified from pBYLNtArf1 using primers 5 and 6. The amplified DNA was digested with KpnI and inserted into pColdGST (57) that had been cut with the same restriction enzyme. pColdNtArf1-FLAG. PCR fragments from pBYLNtArf1 were amplified using primers 7 and 8 and primers 9 and 10. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 7 and 10. The amplified fragment was digested with BamHI and KpnI and inserted into the corresponding region of pUBP35 (48) to generate pUBNtArf1-FLAG. PCR fragments from pUBNtArf1-FLAG were amplified using primers 5 and 10. The amplified DNA was digested with KpnI and inserted into the corresponding region of pCOLDI (TaKaRa Bio Inc.). pBICNtArf1-myc:nYFP. The sequence of NtArf1 was amplified from pBYLNtArf1 using primers 7 and 12. The sequence of the myc-tagged N-terminal half of YFP was amplified from pBICmyc:nYFP (32) using primers 13 and 14. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 7 and 14. The amplified pUBAtArf1. The sequence of AtArf1 was amplified from pBYLAtArf1 using primers 17 and 18. The amplified DNA was digested with BamHI and KpnI and inserted into the corresponding region of pUBP35.
pUBAtArf1-GFP. The sequence of AtArf1 was amplified from pUBAtArf1 using primers 19 and 20. The sequence of a green fluorescent protein (GFP) gene was amplified from pUBsGFP (where sGFP is synthetic GFP) (51) using primers 10 and 21. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 10 and 19. The amplified DNA was digested with StuI and KpnI and inserted into the corresponding region of pUBP35.
pUBAtArf1-T31N. PCR fragments from pBYLAtArf1 were amplified using primers 17 and 22 and primers 18 and 23. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 17 and 18. The amplified fragment was digested with BamHI and KpnI and inserted into the corresponding region of pUBP35.
pUBAtArf1-Q71L. PCR fragments from pBYLAtArf1 were amplified using primers 17 and 24 and primers 18 and 25. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 17 and 18. The amplified fragment was digested with BamHI and KpnI and inserted into the corresponding region of pUBP35.
pBYLAtSar1. The coding sequence of Sar1 was amplified from cDNA derived from A. thaliana (AtSar1) RNA using primers 26 and 27. The amplified DNA was digested with AscI and inserted into pBYL2 that had been cut with the same restriction enzyme.
pUBAtSar1. The sequence of AtSar1 was amplified from pBYLAtSar1 using primers 28 and 29. The amplified DNA was digested with BamHI and KpnI and inserted into the corresponding region of pUBP35.
pUBAtSar1-GFP. The sequence of AtSar1 was amplified from pUBAtSar1 using primers 19 and 30. The sequence of GFP was amplified from pUBsGFP using primers 10 and 31. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 10 and 19. The amplified DNA was digested with StuI and KpnI, and inserted into the corresponding region of pUBP35.
pUBAtSar1-H74L. PCR fragments from pBYLAtSar1 were amplified using primers 28 and 32 and primers 29 and 33. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 28 and 29. The amplified fragment was digested with BamHI and KpnI and inserted into the corresponding region of pUBP35.
pUBAtErd2-GFP. The sequence of C-terminally GFP-fused AtErd2 was amplified from pMT121-AtErd2-sGFP (58) (generous gift from Akihiko Nakono) using primers 10 and 34. The amplified DNA was digested with StuI and KpnI, and inserted into the corresponding region of pUBP35.
pUBp27-mCherry. A PCR fragment from pUBp27 (48) was amplified using primers 19 and 35, and a PCR fragment from pBICER-mCherry (51) was amplified using primers 10 and 36. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 10 and 19. The amplified fragment was digested with BamHI and KpnI and inserted into the corresponding region of pUBP35.
pUBp88-mCherry. A PCR fragment from pUBp88 (48) was amplified using primers 37 and 38, and a PCR fragment from pUBp27-mCherry was amplified using primers 10 and 39. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 10 and 37. The amplified fragment was digested with XhoI and KpnI and inserted into the corresponding region of pUBp88.
pUBER-GFP. A PCR fragment from pUCmGFP5-ER (59) (generous gift from Joan Wellink) was amplified using primers 40 and 41, and a PCR fragment from pUBsGFP was amplified using primers 42 and 43. Then, a recombinant PCR product was amplified from the mixture of these fragments using primers 40 and 43. The amplified fragment was digested with BamHI and KpnI and inserted into the corresponding region of pUBP35.
Identification of Arf1. Protein identification based on in-gel digestion and liquid chromatography-tandem mass spectrometry (LC-MS/MS) was carried out as described previously (60) . Data obtained using a hybrid Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometer (LTQ-FT; Thermo, San Jose, CA) were processed using the Mascot Distiller software (version 2.3.2; Matrix Science, United Kingdom), and the peak lists obtained were used to search the NCBI nonredundant protein database (NCBInr 20120416) using the Mascot search engine (version 2.3; Matrix Science, United Kingdom). The taxonomy was restricted to Viridiplantae (green plants). The mass tolerances were set to Ϯ2 ppm for MS and Ϯ0.25 Da for MS/MS analyses.
Antibodies. Rabbit anti-p27 antiserum (48) was used at 1:100 for immunofluorescence labeling. Mouse monoclonal antibodies were used at the following dilutions: for immunoblotting, anti-FLAG M2 antibody (F3165; Sigma-Aldrich) at 1:10,000 and, for immunofluorescence labeling, anti-bromodeoxyuridine (BrdU) antibody (B2531; Sigma-Aldrich) at 1:100. A rat anti-HA antibody (1867423; Roche) was used at 1:2,000 for immunoblotting. The secondary antibodies were goat anti-rabbit conjugated to Alexa Fluor 488 (A-11008; Molecular Probes) at 1:100 and goat anti-mouse conjugated to Alexa Fluor 594 (A-21125; Molecular Probes) at 1:100 for immunofluorescence labeling. For immunoblotting, a horseradish peroxidase-conjugated anti-mouse IgG antibody (074-1806; KPL) and alkaline phosphatase-conjugated anti-rat IgG antibody (sc-2021; Santa Cruz Biotechnology Inc.) were used to visualize the antigen-antibody complexes.
Expression and purification of recombinant proteins. The expression and purification of the recombinant N-terminally 6ϫHis-and C-terminally FLAG-tagged p27 protein were performed as described previously (57) . For expression of NtArf1, E. coli strain BL21(DE3) transformed with pColdNtArf1-FLAG was grown overnight at 37°C in Luria Broth (LB) medium containing ampicillin (50 g/ml). The overnight culture (2 ml) was added to 100 ml of LB medium containing ampicillin (50 g/ml). After the culture was incubated for 1 h at 37°C and subsequently for 30 min at 15°C, protein expression was induced by the addition of 0.3 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), followed by incubation at 15°C for 24 h. The induced cells were harvested by centrifugation at 5,000 ϫ g for 5 min, resuspended in 1 ml of His buffer (100 mM HEPES, pH 7.5, 300 mM NaCl) supplemented with 30 mM imidazole, and sonicated on ice. Subsequently, Triton X-100 was added at a final concentration of 0.5% and centrifuged at 21,000 ϫ g at 4°C for 10 min. The supernatant was added to the 50-l bed volume of equilibrated Ninitrilotriacetic acid (NTA)-agarose (Qiagen, Hilden, Germany) and incubated at 4°C for 1 h with gentle rotation. The resin was washed three times with 1 ml of His buffer supplemented with 30 mM imidazole and eluted with TBS buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM dithiothreitol [DTT]) containing 15% glycerol and 250 mM imidazole. The concentration of purified protein was measured using a Coomassie Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). The purified protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized with Coomassie brilliant blue R-250 to check its purity.
GST pulldown assay. E. coli BL21(DE3) transformed with plasmids containing the prefix pColdGST was grown overnight at 37°C in LB medium containing ampicillin (50 g/ml). The overnight cultures of the transformed E. coli were diluted 1:50 in LB medium containing ampicillin (50 g/ml). After the cultures were incubated at 37°C for 1.5 h and subsequently at 15°C for 30 min, protein expression was induced by addition of 0.3 mM IPTG. The cells were cultured for 2 h. The induced cells were harvested by centrifugation at 5,000 ϫ g for 5 min. Cells collected from 5 ml of medium were resuspended in 500 l of TBS buffer and sonicated on ice to disrupt the cells. After sonication, Triton X-100 was added at a final concentration of 0.5% and centrifuged at 21,000 ϫ g at 4°C for 10 min. The supernatant was added to a 12.5-l bed volume of equilibrated glu-tathione-Sepharose 4B (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) and incubated at 4°C for 1 h with gentle rotation. The resin was washed three times with 1 ml of TBS buffer supplemented with 0.5% Triton X-100. After the washing step, the resin was incubated at 4°C for 2 h in 200 l of TBS buffer containing 1 g of His-p27-FLAG or His-NtArf1-FLAG. After incubation, the resin was washed three times with 500 l of TBS buffer. The bound proteins were eluted by the addition of Laemmli sample buffer (61), followed by incubation at 95°C for 3 min. Protein samples were subjected to immunoblotting using an anti-FLAG antibody.
RNA preparation. RCNMV RNA1 and RNA2 were transcribed from SmaI-linearized pUCR1 and pRC2ԽG, respectively, using T7 RNA polymerase (TaKaRa Bio, Inc.). BMV RNAs were transcribed from EcoRIlinearized pB plasmids using T7 RNA polymerase and capped with a ScriptCapm 7 G capping system (Epicentre Biotechnology). R1-Luc-R1 was synthesized from an SmaI-linearized plasmid. Luc mRNA and R-Luc mRNA were transcribed from EcoRI-linearized pLUCpA60 and pSP64-RLUC, respectively, and capped using the ScriptCapm 7 G capping system. All transcripts were purified with a Sephadex G-50 fine column (Amersham Pharmacia Biotech). RNA concentration was determined spectrophotometrically, and its integrity was verified by agarose gel electrophoresis.
Agrobacterium infiltration. The plasmids containing the prefixes pBIC and pTV were introduced by electroporation into Agrobacterium tumefaciens GV3101 (pMP90) and A. tumefaciens GV3101 (pSoup), respectively. Agrobacterium suspensions were mixed at final optical density at 600 nm (OD 600 ) of 0.2 each for BiFC experiments and an OD 600 of 0.5 each for gene silencing experiments. The mixture was infiltrated into N. benthamiana leaves as described previously (32) .
BiFC experiment. Appropriate combinations of YFP fragment-fused or fluorescent protein-fused proteins were expressed in N. benthamiana leaves by Agrobacterium infiltration. The fluorescence of YFP and mCherry was visualized at 3 days postinfiltration (dpi).
Confocal microscopy. Tobacco BY-2 protoplasts were inoculated with plasmids expressing fluorescent protein-fused proteins (10 g each) and incubated at 17°C for 16 h as described previously (52) . The fluorescence of GFP and mCherry was visualized using an Olympus FluoView FV500 confocal microscope (Olympus Optical Co., Tokyo, Japan) as described previously (27) . To test the effect of BFA, the inoculated protoplasts were incubated with dimethyl sulfoxide (DMSO; Sigma-Aldrich) or 10 g/ml BFA (Wako, Osaka, Japan) for an additional 2 h before observation. All images shown are from a 1-m single optical section and were processed using Adobe Photoshop CS3 software.
Silencing of Arf1 in N. benthamiana plants. Appropriate combinations of silencing vectors were expressed via Agrobacterium infiltration in 3-to 4-week-old N. benthamiana plants as described previously (56) . At 7 days postinfiltration (dpi), the leaves located above the infiltrated leaves were inoculated with in vitro transcribed RNA1 and RNA2 (1 g each). At 2 days after inoculation, three inoculated leaves from three different plants infected with same inoculum were pooled, and total RNA was extracted using PureLink (Invitrogen), treated with RQ1 RNase-free DNase (Promega, Madison, WI), purified by phenol-chloroform and chloroform extractions, and precipitated with ethanol. Viral RNAs were detected by Northern blotting, as described previously (32) . The mRNA levels of NbArf1 were examined by RT-PCR using primers 44 and 45. As a control to show the equal amounts of cDNA templates in each reaction mixture, the ribulose 1,5-biphosphate carboxylase small subunit gene (RbcS), a gene that is constitutively expressed, was amplified by RT-PCR using primers 46 and 47.
Replication assay. Tobacco BY-2 protoplasts were inoculated with RCNMV RNA1 (1.5 g) and RNA2 (0.5 g) and incubated with 10 g/ml BFA at 17°C for 16 h. For the BMV replication assay, tobacco BY-2 protoplasts inoculated with BMV RNA1, RNA2, and RNA3 (1.5 g each) were incubated with 10 g/ml BFA at 17°C or 22°C for 20 h. For transient expression of Arf1, tobacco BY-2 protoplasts inoculated with plasmids expressing RNA1 and RNA2 (1 g each), together with plasmids expressing Arf1 or its GTP-or GDP-fixed mutants (18 g each), were incubated at 17°C for 24 h.
Total RNA was extracted and subjected to Northern blotting, as described previously (52) . Each experiment was repeated at least three times using different batches of protoplasts.
Luciferase assay. Tobacco BY-2 protoplasts inoculated with reporter RNAs were incubated with 10 g/ml BFA at 17°C for 6 h. Luciferase assays were performed using a Dual-Luciferase Assay System (Promega, Madison, WI), as described previously (54) . Each experiment was repeated at least three times using different batches of protoplasts.
BN-PAGE analyses. Plasmids expressing p27-HA and p88-HA were transfected to BY-2 protoplasts in the presence of RNA2. After 16 h of incubation at 17°C, protoplasts were harvested and resuspended in TR buffer (62) supplemented with 1% Triton X-100. Subsequently, protoplasts were disrupted freezing and thawing and centrifuged at 21,000 ϫ g at 4°C for 10 min to remove cell debris and unbroken cells. The supernatants were subjected to Blue native (BN)-and SDS-PAGE followed by immunoblotting using an anti-HA antibody.
Coimmunopurification. Plasmids expressing p27-HA and p88-HA were transfected with either p27 or p27-FLAG into BY-2 protoplasts in the presence of RNA2. After 16 h of incubation at 17°C, protoplasts were harvested and resuspended in TR buffer supplemented with 1% Triton X-100. Subsequently, protoplasts were disrupted by freezing and thawing and centrifuged at 21,000 ϫ g at 4°C for 10 min to remove cell debris and unbroken cells. The supernatants were subjected to 12.5 l of bed volume of ANTI-FLAG M2-Agarose Affinity Gel (Sigma-Aldrich) and incubated for 2 h with gentle mixing at 4°C. The resin was washed two times with 200 l of TR buffer supplemented with 0.5% Triton X-100. The bound proteins were eluted by addition of Laemmli sample buffer, followed by incubation at 95°C for 3 min. Protein samples were subjected to SDS-PAGE, followed by immunoblotting using the appropriate antibodies.
Fractionation assay. Plasmids expressing p27-HA and p88-HA were transfected into BY-2 protoplasts in the presence of RNA2. After 16 h of incubation at 17°C, protoplasts were harvested and resuspended in 500 l of TR buffer. Subsequently, protoplasts were disrupted by freezing and thawing and centrifuged at 4,000 ϫ g at 4°C for 10 min. The cell extracts obtained were further centrifuged at 21,000 ϫ g at 4°C for 10 min to separate the supernatant and pellet fractions. The pellet fraction was resuspended in 50 l of TR buffer supplemented with 0.5% Triton X-100. Aliquots of each fraction were subjected to immunoblotting using an anti-HA antibody.
In vivo RNA labeling. Tobacco BY-2 protoplasts (approximately 3 ϫ 10 5 cells) were inoculated with RNA1 (1.5 g) and RNA2 (0.5 g), as described previously (52) . After 14 h, actinomycin D (Sigma-Aldrich) (10 g/ml) was added, and protoplasts were incubated for 1 h to block RNA transcription from cellular DNA-dependent RNA polymerases. Subsequently, 2 mM 5-bromouridine 5=-triphosphate (BrUTP; Sigma-Aldrich) was added, and protoplasts were incubated for an additional 3 h. Protoplasts were placed on a cover slide pretreated with poly-L-lysine. The reaction was stopped by the addition of PHEM buffer (60 mM PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)], 25 mM HEPES, 2 mM MgCl 2 , 5 mM EGTA, pH 6.9) containing 3% formaldehyde and 2.5% DMSO. After 15 min of incubation, the slide was washed three times with PHEM buffer and incubated in ice-cold methanol for 10 min. The samples were incubated with the primary antibodies for 1 h and washed three times with PHEM buffer. Then, they were incubated with Alexa Fluor 488-and 594-conjugated secondary antibodies for 1 h and washed three times with PHEM buffer.
RESULTS

Arf1 interacts directly with p27.
We reevaluated the data obtained by LC-MS/MS analyses of the affinity-purified RdRP membrane fraction (29) and found that Arf1 was present in the fraction that coimmunoprecipitated with FLAG-tagged p27 (Table 2 ).
This result led us to perform a GST pulldown assay to determine whether Arf1 interacts with p27. Bacterially expressed and purified p27 with an N-terminal 6ϫHis tag and C-terminal FLAG tag (His-p27-FLAG) (57) was incubated with N-terminally GSTfused Arf1 (GST-Arf1) or GST captured on glutathione-bound beads. Immunoblot analyses using an anti-FLAG antibody showed that His-p27-FLAG was pulled down by GST-Arf1 but not by GST (Fig. 1A) , indicating that p27 binds to Arf1 in vitro. A parallel GST pulldown assay using purified N-terminally 6ϫHis-tagged and C-terminally FLAG-tagged Arf1 (His-Arf1-FLAG) (Fig. 1B) and glutathione resin-bound N-terminally GST-fused p27 or its truncated proteins (Fig. 1C) confirmed a p27-Arf1 interaction in vitro (Fig. 1D) . Moreover, His-Arf1-FLAG was pulled down more efficiently by the C-terminal half of p27 than by the N-terminal half of p27, suggesting that Arf1 interacted preferentially with the C-terminal region of p27 (Fig. 1D) .
To further test the interaction between Arf1 and p27 in vivo, we performed a BiFC experiment in N. benthamiana epidermal cells. Arf1 that was fused to the N-terminal half of yellow fluorescent Glyceraldehyde-3-phosphate dehydrogenase A gi|120665
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FIG 1 p27 interacts with Arf1 in vitro and in vivo. (A) Glutathione resin-bound GST-fused Arf1 (GST-Arf1) was incubated with the purified recombinant
His-p27-FLAG. After a washing step, pulled down complexes were subjected to SDS-PAGE and analyzed by Western blotting (Wb) using an anti-FLAG antibody. After detection, the proteins separated on the membrane were visualized using Ponceau S staining. (B) SDS-PAGE analyses of purified His-Arf1-FLAG expressed in E. coli. The purified protein (1 g) was visualized using Coomassie brilliant blue (CBB) staining (top panel) and analyzed by immunoblotting using an anti-FLAG antibody (bottom panel). (C) Schematic representation of the deleted derivatives of GST-p27. The deletions are represented as dotted lines. The locations of known functional domains in wild-type p27 are depicted. aa, amino acids. (D) Glutathione resin-bound GST-p27 or its derivatives were incubated with purified recombinant His-Arf1-FLAG. After a washing step, pulled down complexes were subjected to SDS-PAGE and analyzed by immunoblotting using an anti-FLAG antibody. After detection, the proteins separated on the membrane were visualized using Ponceau S staining. (E) Bimolecular fluorescence complementation analyses of the interactions between p27 and Arf1. p27 fused to the C-terminal half of YFP, at the C terminus (p27-cYFP), was expressed together with Arf1 fused to the other half of YFP, at the C terminus (Arf1-nYFP), in the presence of ER-mCherry and of an RNA-silencing suppressor of the TBSV, p19, in N. benthamiana leaves via Agrobacterium infiltration. The fluorescence of the reconstructed YFP and ER-mCherry in all agroinfiltrated leaves was visualized using confocal microscopy 3 days after agroinfiltration. The panels on the right show the merging of mCherry and YFP (yellow). Scale bar, 20 m.
protein (YFP) at the C terminus (Arf1-nYFP) and p27 that was fused to the C-terminal half of YFP at the C terminus (p27-cYFP) were expressed together with mCherry containing an ER targeting signal (ER-mCherry) and the TBSV silencing suppressor p19 in N. benthamiana via agroinfiltration. At 3 dpi, fluorescence was observed using confocal laser scanning microscopy (CLSM). YFP fluorescence was reconstituted in the presence of Arf1-nYFP and p27-cYFP (Fig. 1E, top left panel) . YFP fluorescence merged well with ER-mCherry fluorescence in the large punctate structures (Fig. 1E, top panels) , a characteristic feature of morphological ER changes induced by p27 or RCNMV infection (30) (31) (32) . Negligible or no YFP fluorescence was detected in control experiments (Fig.  1E , middle and bottom panels). These results indicate that p27 interacts directly with Arf1 at the p27-induced modified ER membrane. Arf1 is recruited from the Golgi apparatus to the RCNMV replication site by p27. In plant cells, Arf1 is localized at the Golgi apparatus (63) (64) (65) (66) . However, the Arf1-p27 interaction occurred at the ER in N. benthamiana epidermal cells (Fig. 1E ). This result prompted us to test the possibility that p27 recruits Arf1 from the Golgi apparatus to the ER membrane, which is a putative site of RCNMV replication (31) . First, we examined whether p27 colocalizes with Arf1. For this, a plasmid expressing C-terminally GFP-fused Arf1 (Arf1-GFP) was cotransfected with a plasmid expressing C-terminally mCherry-fused p27 (p27-mCherry) or a control plasmid into tobacco BY-2 protoplasts, and fluorescence was observed via CLSM after 16 h of incubation. In the absence of p27-mCherry, Arf1-GFP fluorescence was observed as small punctate structures throughout the cell, a typical fluorescence pattern of Golgi compartment-localized proteins ( Fig. 2A) (67, 68) . Interestingly, however, in the presence of p27-mCherry, the small punctate fluorescence pattern of Arf1-GFP was dramatically reduced, and Arf1-GFP fluorescence was observed as large aggregate structures located around the nucleus (Fig. 2B, left panel) . Moreover, these aggregated structures colocalized with p27-mCherry (Fig. 2B, middle and right panels) . Similar results were obtained for Erd2-GFP (data not shown), a well-established cis-Golgi marker (69) . Expression of C-terminally mCherry-fused p88 (p88-mCherry) also affected the distribution pattern of Arf1-GFP, but large aggregated structures of Arf1-GFP were not observed (Fig. 2C) . p27-mCherry and p88-mCherry efficiently supported the replication of RNA2 (data not shown). It should be noted that both mCherry-fused p27 and p88 colocalized with the ER marker protein in BY-2 protoplasts (see Fig. 5 ; also data not shown).
Arf1 plays an important role in RCNMV RNA replication. To investigate whether Arf1 is required for infection of host plants with RCNMV, we downregulated Arf1 using Tobacco rattle virus (TRV)-based virus-induced gene silencing in N. benthamiana plants. A TRV vector harboring a partial fragment of NbArf1 (TRV:NbArf1) was expressed via Agrobacterium-mediated expression. An empty TRV vector (TRV:00) was expressed as a control. Newly developed leaves were inoculated with RCNMV RNA1 and RNA2 at 7 dpi. Two days after inoculation, three inoculated leaves from three different plants were harvested and mixed, and total RNA was extracted. Semiquantitative RT-PCR analyses confirmed the specific reduction of NbArf1 mRNA in plants infiltrated with TRV:NbArf1 (Fig. 3A) . Northern blot analyses showed that the accumulation of RCNMV RNA was reduced 10-fold in NbArf1-silenced plants compared with control plants (Fig. 3A) , suggesting that Arf1 plays a positive role in RCNMV infection.
It has been well documented that BFA inhibits the secretion of proteins from the Golgi apparatus back to the ER (35) via inhibition of the nucleotide-exchange reaction of Arf proteins (38) . To investigate whether Arf1 plays a role in RCNMV RNA replication, we tested the effect of BFA on the accumulation of RCNMV RNA replication in a single cell. Tobacco BY-2 protoplasts were inoculated with RCNMV RNA1 and RNA2 and incubated for 16 h in the presence or absence of BFA. Northern blot analyses showed that the accumulation of viral RNAs was reduced 5-to 10-fold in the presence of BFA (Fig. 3B) . BFA did not affect the accumulation of rRNA (Fig. 3B, bottom panel) . Moreover, BFA had a negligible effect on the accumulation of BMV RNA in BY-2 protoplasts (Fig.  3C) . These results indicate that the inhibitory effect of BFA on RCNMV RNA replication was not due to its nonspecific toxicity and that the inhibition of Arf function by BFA specifically affects RCNMV RNA replication. Next, to investigate whether the inhibitory effect of BFA is due to the inhibition of Arf1 GEF activity, we tested the effects of constitutive-negative (Arf1 with a T31N mutation [Arf1-T31N]) and constitutive-active (Arf1-Q71L) Arf1 mutants on RCNMV RNA replication. Arf1-T31N is a GDP-restricted Arf1 mutant that impairs the normal COPI function and inhibits the formation of ERES (64) (65) (66) 70) . Arf1-Q71L is a GTPrestricted Arf1 mutant that inhibits the vacuolar sorting of sporamin in tobacco BY-2 cells (66) . Tobacco BY-2 protoplasts were transfected with plasmids expressing wild-type Arf1, Arf1- T31N, or Arf1-Q71L together with plasmids expressing RCNMV RNA1 and RNA2. Northern blot analyses showed that the expression of Arf1 reduced the accumulation of viral RNAs by about 25% (Fig. 3D, first and second lanes) , whereas the expression of Arf1-T31N or Arf1-Q71L reduced the accumulation of viral RNAs by more than 80% (Fig. 3D, third and fourth lanes) . These results suggest that the constitutive-active mutant of Arf1 is insufficient to support the replication of RCNMV RNA but that GDP/GTP cycling of Arf1 is required for viral RNA replication. Taken together, these results strongly suggest that Arf1 plays an essential role in RCNMV RNA replication.
Arf1 is required for the assembly of the viral replicase complex. The replication of (ϩ)RNA viruses proceeds through many steps, including translation of viral replication proteins, formation of the VRC on appropriate intracellular membranes, and viral RNA synthesis (14) . To determine which step(s) of RCNMV RNA replication requires Arf1 function, we first tested whether BFA affects the translation of RCNMV RNA1 using an uncapped re- (TRV) vector harboring a partial fragment of N. benthamiana Arf1 (TRV:NbArf1) was expressed in N. benthamiana via Agrobacterium infiltration. The empty TRV vector (TRV:00) was used as a control. The newly developed leaves were inoculated with RCNMV RNA1 and RNA2 7 days after agroinfiltration. Total RNA was extracted from the mixture of three independent inoculated leaves 2 days after inoculation. Accumulation of RCNMV RNAs was analyzed by Northern blotting. Ethidium bromide-stained ribosomal RNAs (rRNAs) are shown below the Northern blots, as loading controls. Arf1 mRNA levels were assessed by RT-PCR using primers that allow the amplification of the region of Arf1 that is not present in TRV:NbArf1. RT-PCR results for the RbcS gene demonstrated that equal amounts of total RNA were used for the RT and showed equivalent efficiency of the RT reaction in the samples. (B) An inhibitor of Arf1 impairs RCNMV RNA replication in a single cell. Tobacco BY-2 protoplasts were inoculated with in vitro transcribed RNA1 and RNA2. The inoculated protoplasts were incubated at 17°C for 16 h in the presence of 10 g/ml BFA. (C) An inhibitor of Arf1 does not impair BMV RNA replication in a single cell. Tobacco BY-2 protoplasts were inoculated with in vitro transcribed BMV RNAs. The inoculated protoplasts were incubated at 17°C for 20 h in the presence of 10 g/ml BFA. (D) Dominant negative mutants of Arf1 inhibit RCNMV replication. Tobacco BY-2 protoplasts were transfected with plasmids expressing either wild-type Arf1, Arf1-T31N, or Arf1-Q71L together with pUBRC1 and pUBRC2, which encode RNA1 and RNA2, respectively, under the control of the cauliflower mosaic virus 35S promoter. The inoculated protoplasts were incubated at 17°C for 24 h. Total RNA was analyzed by Northern blotting. Ethidium bromide-stained rRNAs were used as loading controls and are shown below the Northern blots. The accumulated levels of RCNMV or BMV RNAs from three separate experiments were quantified using the Image Gauge program and were plotted in the graphs. The error bars indicate standard deviations.
porter RNA containing the firefly luciferase (Luc) gene flanking the 5= and 3= untranslated region (UTR) of the RCNMV RNA1 (R1-Luc-R1) and a capped nonviral reporter Luc RNA with a 3= poly(A) tail (Luc-pA60) (Fig. 4A) (53, 71) . Tobacco BY-2 protoplasts were inoculated with these reporter RNAs and incubated for 6 h in the presence or absence of BFA. Subsequently, luciferase activity was measured. BFA did not affect the translational activity of these RNAs (Fig. 4A) , suggesting that BFA affects neither 3= cap-independent translation element (CITE)-mediated translation of RCNMV RNA nor canonical cap-dependent translation.
Next, we investigated whether BFA affects the formation of the 480-kDa viral RNA replicase complex (29) . We expressed C-terminally hemagglutinin (HA)-tagged p27 (p27-HA) and p88 (p88-HA) together with RNA2 in BY-2 protoplasts and analyzed the Effects of BFA on the accumulation of the 480-kDa replicase complex. RCNMV RNA2 was cotransfected with plasmids expressing p27-HA and p88-HA in BY-2 protoplasts in the presence or absence of 10 g/ml BFA. After 16 h of incubation, protoplasts were harvested and disrupted by freezing and thawing. Total proteins were extracted from the cell extracts obtained and subjected to BN-and SDS-PAGE analyses, followed by immunoblotting using an anti HA-antibody. Ponceau S staining served as a loading control. (C) BY-2 protoplasts were inoculated with plasmids expressing either p27 or p27-FLAG together with RNA2 and plasmids expressing HA-tagged viral replication proteins in the presence or absence of 10 g/ml BFA. After 16 h of incubation, protoplasts were harvested and disrupted by freezing and thawing. Subsequently, the cell extracts were subjected to immunoprecipitation using an anti-FLAG antibody. Five percent of the total fraction (lanes 1 to 3) and the eluted fraction (lanes 4 to 6) were subjected to SDS-PAGE and analyzed by immunoblotting (IB) using anti-HA and anti-FLAG antibodies. *, Nonspecific IgG heavy chain.
accumulation of the viral replicase complexes by SDS-and BN-PAGE using anti-HA antibody. The accumulation of the 480-kDa replicase complex was significantly decreased by BFA treatment (Fig. 4B, upper panel) , whereas the accumulation of p27-HA and p88-HA was not affected by BFA (Fig. 4B, lower panel) , suggesting that Arf1 is required for the formation of the RCNMV replicase complex.
Because the formation of the 480-kDa complex requires p27-p27/p88 interactions (52, 57) , we examined the effect of BFA on the interactions between viral replication proteins. For this, BY-2 protoplasts were transfected with plasmids expressing p27-HA and p88-HA and RNA2 together with either p27 or C-terminally FLAG-tagged p27 (p27-FLAG). After 16 h of incubation in the presence or absence of BFA, cell extracts were subjected to FLAG affinity resin, and eluates were analyzed by immunoblotting using an anti-HA antibody. BFA had no effect on the copurification of either p27-HA or p88-HA by p27-FLAG (Fig. 4C, lanes 5 and 6) . p27-HA and p88-HA were not immunoprecipitated with the anti-FLAG antibody (Fig. 4C, lane 4) , ruling out the possibility of nonspecific copurification. These results showed that BFA does not prevent the p27-p27/p88 interactions.
Arf function is required for p27-mediated ER modification. Because the membrane association of p27 is critical for the assembly of the 480-kDa replicase complex (30) and because Arf1 is involved in COPI vesicle formation and membrane curvature (72), we investigated whether Arf1 function is required to keep the ER membrane association of p27. For this, BY-2 protoplasts were transfected with a plasmid expressing GFP containing an ER-targeting sequence (ER-GFP) together with or without a plasmid expressing p27-mCherry. Protoplasts were incubated for 14 h, followed by an additional incubation of 2 h with BFA or DMSO. As reported previously (30, 31) , p27-mCherry colocalized with ER-GFP in p27-induced large aggregate structures in the DMSO control (Fig. 5B, upper panels) . In contrast, BFA treatment canceled the colocalization of p27-mCherry with ER-GFP in protoplasts treated with BFA (Fig. 5B, lower panels) . The fluorescence of both ER-GFP and p27-mCherry dispersed in the BFA-treated protoplasts compared with that observed in control protoplasts (Fig. 5B, data not shown) . Interestingly, in the absence of p27-mCherry, BFA treatment did not affect the distribution patterns of ER-GFP (Fig. 5A ). Moreover, BFA had no effect on the distribution patterns of either p27-HA or p88-HA, as assessed using a fractionation assay (Fig. 5C ). These observations suggest that Arf1 is required for p27-mediated ER modification.
Disturbance of COPII vesicle formation inhibits the replication of RCNMV RNA. It is known that BFA treatment or expression of Arf1-T31N not only impairs the normal COPI function but also inhibits COPII vesicle formation (65) . COPII vesicles bud from ERES and are thought to mediate anterograde traffic out of the ER (73) (74) (75) . Sar1 is a small GTPase that is an essential cytosolic component of the COPII complex that accumulates at ERES (76) . To examine whether the COPII vesicle transport system is involved in RCNMV RNA replication, we used a dominant negative mutant of Sar1 (Sar1-H74L). Sar1-H74L is the GTP-restricted mutant that exerts a known dominant negative effect on COPII vesicle transport. This mutant was shown previously to trap vesicles in a coated configuration so that they are unable to fuse with the target membrane (58, 73) . Plasmids expressing p27-HA and p88-HA were transfected with RNA2 into BY-2 protoplasts. After 16 h of incubation, protoplasts were harvested, disrupted by freezing and thawing, and centrifuged at 4,000 ϫ g. The cell extracts obtained (total fraction) were centrifuged further at 21,000 ϫ g to separate the supernatant (S) and pellet (P) fractions. These fractions were separated by SDS-PAGE and visualized using an anti-HA antibody.
Tobacco BY-2 protoplasts were transfected with plasmids expressing either wild-type Sar1 or Sar1-H74L together with plasmids expressing RCNMV RNA1 and RNA2, and the accumulation of RNA1 and RNA2 was determined at 24 hpi. Northern blot analyses showed that the expression of Sar1 did not significantly affect the accumulation of viral RNAs (Fig. 6A , first and second lanes). In contrast, the expression of the Sar1-H74L mutant dramatically reduced the accumulations of viral RNAs (Fig. 6A, third  lane) . The fluorescence of C-terminally GFP-fused Sar1 (Sar1-GFP) was observed as small punctate structures dispersed in cells (Fig. 6B) . Interestingly, coexpression of p27-mCherry redistributed Sar1-GFP to perinuclear aggregated structures in which these proteins were well colocalized (Fig. 6C) .
RCNMV replication proteins colocalize with newly synthesized viral RNAs. To determine whether newly synthesized RCNMV RNAs colocalized with viral replication proteins, we performed double immunofluorescence staining of RCNMV-infected tobacco BY-2 protoplasts. BY-2 protoplasts were inoculated with RNA1 and RNA2. After 14 h of incubation, protoplasts were incubated with actinomycin D for 1 h to block host DNAdependent RNA polymerases. Protoplasts were then incubated with BrUTP for an additional 3 h, fixed, and processed for double immunofluorescence labeling using an anti-p27 antiserum and an antibody that recognizes bromouridine-containing RNA. To assess the background fluorescence, mock-inoculated protoplasts were subjected to the same immunofluorescence labeling conditions, and fluorescent signals were adjusted to set the background threshold level. No significant background was detected in uninfected protoplasts (Fig. 7) . Immunofluorescence labeling showed that bromouridine-labeled RNA (red) colocalized with p27 (green) (Fig. 7) , indicating that RCNMV replication proteins colocalize with newly synthesized viral RNA.
DISCUSSION
In this study, we found that p27 interacts with Arf1 and relocalizes this protein to the aggregate structures of ER membranes, where they colocalize ( Fig. 1 and 2 ), suggesting that p27 recruits Arf1 to the viral replication sites. Membrane remodeling, including the formation of the aggregate structures and membrane proliferation, has been observed in plant cells infected with RCNMV or expressing p27 alone (30) (31) (32) . Arf1 seems to be required for the formation of virus-induced ER membrane proliferation. Pharmacological inhibition of Arf function by BFA canceled the p27-induced formation of aggregate structures on ER membranes (Fig. 5B) . However, BFA treatment did not affect the membrane association of p27 (Fig. 5C ) or the localization of ER-GFP, an ER marker in the absence of p27 (Fig. 5A) . Moreover, the N-terminal half of p27 interacted poorly with Arf1 (Fig. 1D ) but retained the ability to efficiently localize at the ER membrane (30) . This truncated p27 mutant does not induce large aggregate structures on ER membranes although it induces smaller punctate structures (30) . All these observations strongly support the importance of func- tional Arf1 in membrane remodeling, such as the induction of a large aggregate structure that is likely the site of vital RNA replication (Fig. 7) .
In animal and yeast cells, it is known that membrane-bound Arf1 can recruit a diverse array of effectors, including COPI, clathrin, cytoskeletal regulators, and lipid-modifying enzymes, such as phospholipase D and PI4KIII␤ (77) . Arf1 also plays a crucial role in the replication of several vertebrate (ϩ)RNA viruses. Arf1 colocalizes with the enteroviral replication machinery (23, 39) and binds to and hydrolyzes GTP during infection, suggesting the utilization of Arf1 effectors by the virus (78) . The enterovirus replication protein 3A recruits PI4KIII␤, one of the Arf1 effectors, over many other Arf1 effector proteins to membranes (23) . Although there is no information regarding the function of Arf1 effector proteins as lipid-modifying enzymes in plant cells (34) , plant Arf1 effectors might contribute to the establishment of VRCs of RCNMV via a mechanism similar to that reported in vertebrate viruses (23) . Interestingly, we noted that treatment of RCNMVinfected BY-2 protoplasts with 1-butanol, which inhibits the production of phosphatidic acid catalyzed by phospholipase D (79) , inhibited the accumulation of viral RNAs (K. Hyodo and T. Okuno, unpublished data). Arf1 appears to manage not only coat recruitment but also curvature generation in membranes (72) . After membrane binding, Arf1 can remodel membranes into highly curved tubules in vitro (80, 81) . The membrane deformation activity of Arf1 per se may contribute to the formation of RCNMV VRCs. In the case of BMV, Rhps are recruited to viral RNA replication site by 1a protein to induce the membrane curvature (22) .
BFA treatment or expression of dominant negative mutants of Arf1 in plant cells not only inhibits the COPI pathway but also compromises COPII vesicle trafficking (65) . Interestingly, we found that the accumulation of RCNMV RNA was inhibited by the expression of the Sar1 H74L mutant (Fig. 6A) , which inhibits COPII vesicle formation in plant cells (58, 73) . Sar1 was relocalized with p27 in p27-induced large aggregate structures of ER membranes ( Fig. 6B and C) . These results suggest that the COPII vesicle trafficking system is required for the formation of the RNA replication compartment in RCNMV. The COPII assembly system also plays an important role in MHV and poliovirus replication (82, 83) . Poliovirus induces COPII vesicles in the early replication phase, and viral RNA localizes at or near the ERES (23, 83) .
The p27-induced remodeling of the early secretory pathway is reminiscent of the membrane remodeling caused by potato virus X (PVX) and turnip mosaic virus (TuMV) infection (84, 85) . The triple gene block 1 (TGB1) of PVX organizes the X body, a virally induced inclusion structure that contains host actin, the ER, and the Golgi apparatus, at the perinuclear region (85) . However, TGB1 is not required for PVX replication. Therefore, the X body seems to couple RNA replication and cell-to-cell movement processes (85) . TuMV infection leads to the amalgamation of the host ER, Golgi apparatus, components of the COPII coatomer, and chloroplasts into a perinuclear globular structure that also contains viral proteins (84) . However, the formation of this globular structure is independent of the early secretory pathway (84) . In contrast to TuMV, p27-induced membrane remodeling relied on the functional secretory pathway because BFA treatment disrupted this membrane remodeling (Fig. 5) . Rearrangement of host endomembrane systems has also been reported in several vertebrate (ϩ)RNA viruses (18) . Remodeling of the early secretory pathway may be a common phenomenon during (ϩ)RNA virus infection although the molecular mechanisms underlying its formation may be different in each virus.
BFA inhibits Arf function through BFA-sensitive GEFs, which assist the GDP-GTP exchange reaction of Arf proteins (36, 37) . Poliovirus uses Arf1 and GBF1, which is a BFA-sensitive Arf-GEF (40) . The poliovirus 3A protein interacts with GBF1 (86) . However, it is well known that the replication of several viruses in the Picornaviridae is insensitive to BFA (87, 88) . Among plant RNA viruses, TuMV, melon necrotic spot virus (MNSV), and BMV were insensitive to BFA during RNA replication (84, 89) (Fig. 3C) , whereas grapevine fanleaf virus (90) and RCNMV (Fig. 3) were sensitive to BFA during RNA replication. The BFA-insensitive viruses may require BFA-insensitive GEFs or other host factors involved in the secretory pathway. Recent proteomics analyses suggested that a large number of host proteins involved in protein transport affect TBSV replication (11) . Interestingly, downregulation of the COPI coatomer subunit decreases TBSV replication but increases recombination in Saccharomyces cerevisiae (5, 91) . (ϩ)RNA viruses may evolve to hijack a diverse set of component proteins in the host secretory pathway to accomplish efficient viral infection.
The involvements of the early secretory pathway in the cell-tocell movement of several plant (ϩ)RNA viruses has been reported (92). Disruption of the early secretory pathway by BFA treatment or expression of a dominant negative mutant of Arf1 in N. benthamiana epidermal cells leads to the inhibition of cell-to-cell movement of TuMV and MNSV, with little effect on viral RNA replication (84, 89) . Although inhibition of the early secretory pathway by BFA compromised the RNA replication of RCNMV, it is possible that the early secretory pathway also affects the cell-tocell movement of RCNMV. Our previous study showed that RCNMV MP localizes to the cell wall and later to the ER (27) . Interestingly, the replication of RCNMV RNA1 is coupled to the ER localization of MP (27) . p27-induced endomembrane remodeling might contribute not only to VRC formation but also to the recruitment of MP to the VRC and subsequent cell-to-cell movement of RCNMV, which is required for efficient viral spread.
